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(57) Abstract 



In order to facilitate diffusive transfer of an entity such as a solute between immiscible fluids and subsequent separation of the fluids 
without mixing, method and apparatus are disclosed having first and second fluid flow paths (11, 12) carrying first and second immiscible 
fluids, the flow paths communicating with one another in an interface region (16) in which the fluids contact one another and a stable open 
interface is formed. Diffusive transfer takes place across the interface, and subsequently the fluids flow away from the interface without 
mixing. The width of the flow paths in the interface region measured normal to the interface lies between 10 and 500 micrometres. 
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METHOD AND APPARATUS FOR DIFFUSIVE TRANSFER BETWEEN 

IMMISCIBLE FLUIDS 

5 

Field gf the invention 

The present invention relates to a method and apparatus for carrying out a process 
between first and second immiscible fluids, for example solvent extraction from one fluid to 
10 another. 

In the chemical industry a common technique for purifying or analysing chemicals is an 
15 exchange process. Solvent extraction relies upon the preferential transfer of one or more 
components from one phase (fluid) in which the component (solute) is dissolved into a second 
immiscible phase. Usually this is accomplished by physical mixing followed by separation of 
the two phases using gravity. It has been found that the more thoroughly the two phases are 
mixed, the more rapidly the transfer process proceeds by reason of the greater surface area of 
20 the smaller globules of liquid and reduced diffusion distances within the phases. The time for 
separation of the phases however increases with more thorough mixing, and hence for a 
desired efficiency of solute transfer, the separation time may become unacceptably long, this 
being the principal disadvantage of the process. 

US-A-3/758, 404 discloses the transfer of a component of a liquid into another liquid 
25 by causing one liquid to flow as a film along the surface of fibre, while causing the other liquid 
to flow into contact with the film. Whilst the method reduces to some extent the problem of 
separation of the two liquids, the liquids are discharged together and it is still necessary to 
perform a subsequent gravitational separation. Further improvements are desirable in terms of 
speed and efficiency of the extraction process and the subsequent separation process. 
30 FR^A-2 196831 discloses the use of a hydrophobic porous membrane for separating for 

separating an organic part of an emulsion of organic and aqueous solutions. Pressure is applied 
so that the organic part of the emulsion flows through the pores of the membrane whereas the 
membrane forms a barrier to the aqueous solution. However the separation of an emulsion into 
two pure components is inherently difficult, and the method disclosed can only provide an 
35 approximate separation. 
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Thus in accordance with the invention a speedy and highly efficient method and means 
is provided for carrying out desired processes, since first and second immiscible fluids are 
brought into contact with one another for the carrying out of the process under closely 
controlled conditions, while preventing the two fluids from forming a mixture which would 
subsequently require separation. 

In the interface region, the flow paths are close to or adjacent one another so that fluid 
flow through the flow paths continually replenishes the fluid at the interface. An arrangement 
where flow at the interface parallel to the interface is prevented or restricted, as for example in 
the pores of a conventional membrane, provides less favourable conditions for interphase 
transport as the non flowing fluid held in the membrane pores extends the distance for 
diffusion of the transferring entity. Additionally such stagnant regions can accumulate debris 
and undesirable products which may interfere with interphase transport. For optimum fluid 
dynamics, tne fluids should be brought together into contact with parallel or non-intersecting 
flow directions; the flow paths may be spaced apart so long as there remains a significant 
15 component of fluid flow at the interface. 

Any type of flow path or channel may be employed so long as it is capable of retaining 
fluid for fluid flow, for example a conduit, pipe, tube, gutter, groove, slit, bore or any other 
type of via or passageway. 

The two immiscible fluids will commonly be liquids, for example an aqueous solution 
20 and an organic solution. However, one or other of fluids may be a gas or a supercritical fluid, 
so long as the two fluids are immiscible with each other. 

Any type of interaction may be envisaged between the two fluids, and although solvent 
extraction has been mentioned, other interactions may take place, for example heat transfer, 
transfer of light energy, and chemical reactions of any nature including titration, and 
25 preconcenrration or sampling required for a variety of measurement techniques. These may 
include processes such as electrophoresis and chromatography which may be carried out 
within microengineered or other structures which may conveniently linked to the apparatus or 
fabricated by similar means, possibly using the same substrate. The apparatus may also be 

employed in biological, biomedical and biotechnical applications, for example where streams 

30 of genetic or other biological material are entrained into fluids and desired exchange, addition, 
or binding processes takes place therebetween. A common feature in many such processes is 
that the rate of interfacial transfer is substantially controlled by the rate of diffusive transfer of 
an entity within each phase to and from the interface. 

Thus, the present invention is based upon the concept of providing a method and 
35 means by which ( 1 ) immiscible fluids are brought together and rapidly separated without 
having formed a physical mixture, and (2) the concentration of one or more components 
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electrical current flow through two series resistors, where the sum resistance has to be 
considered in determining resultant current flow. 

In an extreme case, where the diffusion coefficient for the second fluid is very high, 
e.g. a gas, then the rate of diffusion in the second fluid will not be a significant factor, and 
5 essentially only the diffusion coefficient of the first fluid need be considered, and hence only 
the width of the first fluid flow path. At the other extreme, the diffusion coefficient for the 
second fluid may be very low, so that it effectively forms a barrier for diffusion across the 
interface, in which case a long time interval will be required for significant diffusion, the width 
of the second fluid flow path not being a significant factor. 
10 It has been realised that in accordance with the invention, the invention can be 

expressed more precisely making use of a mathematical variable that is known in general 
terms. For systems proceeding towards an equilibrium distribution of material by diffusion the 
progress is a function of diffusion coefficient Z>, time r, and the geometry and dimensions of 
the system ,which may be represented by a characteristic length /, in the direction of diffusive 
15 transport. It can be shown the evolution of diffusion processes may be described in terms of a 
dimensionless variable D./// 2 , (see. The Mathematics of Diffusion - J. Crank - Second Edition 
1975, Oxford University Press) 

For significant diffusion to take place in accordance with the invention, there should 
occur transfer of at least 1%. and preferably 50% or more, of the transferable entity which 
20 could be transferred through contact of the fluids for very long periods in the absence of 
degrading side processes. 

In accordance with the invention, if Dtl?>0.01 transfer will generally amount from 
1% to 10% of the maximum at equilibrium, while if Dil?>0.1 transfer will be of the order of 
50% or more. Thus from the diffusion coefficients of transferring components and the desired 
25 transfer times it is possible to determine the appropriate system dimensions. The diffusion 
coefficients depend on species, medium and temperature, but for small to moderate size 



molecules in liquid media, the value of D tends to be of the order 10* 9 to 10 



•ll m 2-l 
m s 



Diffusion coefficients in liquid media for high molecular weight species such as some polymers 
may be substantially lower e.g. 10' 13 m s" . while coefficients.in.gases are.generally.a frw 

30 orders of magnitude higher. As an examgle, for rapid (-1 s.) substantial transfer (-50%) of 
species with diffusion coefficients ~10" m s" , the appropriate length / for the dimension 
normal to the interfluid interface should be given approximately by substituting the relevant 
values for D and i into Dt/C, and equating the expression to 0.1. This example gives /=32jim, 
though in practice dimensions in the range 10"to 100 um may be adequate. It may be seen that 

35 generally values for appropriate dimensions calculated using the expression Dt/l 2 as described 
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apply equally well to the second fluid. It will commonly be the case that diffusive transport in 
both fluids is of significance, in which case selection of width dimensions for both the first and 
second flows will be subject to the same inequality. 

It is within the scope of the invention that one flow path or channel be of such 
5 dimensions that it effectively forms a static reservoir of fluid for interaction with the fluid 
flowing in the other channel. However where flow is required in either or both channels, the 
channels carrying flow should be dimensioned small enough that essentially laminar flow be 
constrained to take place in the region adjacent to the interface. It is within the scope of the 
invention that a controlled degree of turbulence be introduced into one or both liquids 
10 provided that the interface between the liquids is not unduly disrupted. Disruption of the 
interface between the fluids by turbulent flows is thus avoided. Where one of the two fluids is 
a gas, it is acceptable for some moderate degree of turbulence to exist within that fluid close to 
the interface. 

The interfacial region allows transfer of the species without promoting mixing between 
15 the two fluids. In most instances it is envisaged that both phases will flow continuously. 
However there may be some situations where it will prove preferential to pulse one or both of 
the phases. 

In systems of two fluid phases, the stability of the interface is limited by pressure 
differentials between the two phases. Such pressure differentials will arise from inexactly 

20 matched pressure gradients in the direction of flow arising from differences in channel 
dimensions and fluid viscosities. The dimensions over which the interface can stably sustain a 
non zero pressure differential are limited by interfacial tension between the two phases, and 
wettability of the channel wall materials by the two phases. It is possible to stabilise the 
interface by control of the operating dimensions and adjacent solid surfaces. 

25 For stabilising an open interface between fluids, the two channels or channels may 

be formed of different substances (for example glass, silicon, steel, polypropylene, nylon) with 
different wetting properties, or contouring the surfaces in the region of the interface, and in 
particular narrowing the interface to restrict the lateral dimensions of interfluid contact, or by 

30 within an opening between channels it is possible to pin, or restrict movement of the contact of 
the interfluid interface with solid surfaces so that for a definable interval of pressure 
differential across the interface there is no, or very little movement of that contact. How this 
may practically be achieved will be described more fully below. 

It is possible that the dimensions of the interface be much less than those of the 

35 channels, for example a narrow slit or slits, or array of apertures piercing a wall between two 
channels running side by side. However it will preferably be the case in accordance with the 
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successive transports from a first fluid to a third fluid via the second fluid. Any number of 
fluids can in principle be processed in accordance with the invention. 

In an arrangement where a second fluid path carrying a second fluid has fluid paths on 
opposite sides forming separate interfaces with the first fluid path, then the width of the first 
5 fluid path may be wider than the aforesaid limits, in fact twice as wide, whilst still preserving 
adequate diffusion, since diffusion may take place in the first fluid in two opposite directions 
to the two opposite interfaces. Thus in general, where the second fluid flow path is formed 
such that there exists in the interface region more than one interfacial area between the first 
and second fluids, then the first fluid flow path is such that none of the first fluid flow path lies 

10 further in the interface region than (i) between 10 and 500 micrometres from the closest 
interfacial area , or (ii) a distance (/) determined by the inequality 1 2 <Djjc' 1 , where the 
symbols have the meaning ascribed as aforesaid.. 

When it is required to process relatively large quantities of liquid or in other 
circumstances of complex processing as explained more fully below, it is possible to employ 

15 large numbers of fluid flow paths forming large numbers of interface regions , each interface 
region being herein termed a process element, so that large numbers of miroscopic quantities 
of fluids may be processed simultaneously. Large numbers of the apparatus according to the 
invention may be manufactured very inexpensively, and it is therefore a practical solution to 
processing large quantities of liquid. 

20 

Accordingly there is provided in a further aspect of the invention, a system for 
processing quantities of first and second immiscible fluids, including a multiplicity of process 
elements, each process element comprising apparatus comprising first and second flow paths 
for permitting fluid flow of respective first and second immiscible fluids therethrough, portions 
25 of the flow paths being disposed close to or adjacent one another and communicating with one 
another in a region which is such as to permit the fluids to form a stable open interface therein, 
and wherein at least the first flow path in the interface region has a width normal to the 
interface either (i) within the range 10 to 500 micrometres, or (ii) a distance (/) determined by 

30 

In a yet further aspect of the invention, there is provided a method of carrying out a 
process between first and second immiscible fluids, the method comprising: 

1) providing first and second flow paths having portions disposed adjacent to or close 
to one another and communicating with one another in a region in which the fluids can contact 
35 one another; 
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2) flowing the first and second immiscible fluids through respective said first and 
second flow paths such that, at least in said region, the flow of both fluids is es^nul 
laminar, and a stable open interface is formed between the fluids- * 

5 fluids; ^ Pemmine S,gnifiCam """" ° f 3 dCSired Cntity M S2id ^een the two 

4) flowing the fluids away from the interface region in their respective flow paths 
without mixing of the fluids; and ^ IiOW pams 

5) wherein said interface region forms a single process element, and providing a 

Briff TWr.p.i»„ ,» f tho nrn»,i r c 
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Figure 13 is a schematic diagram of a further embodiment of the invention employing a 
multiplicity of process elements in a series/ parallel configuration, with Figure 13a showing 
fluid flow paths in separate substrates and Figure 13b showing the substrates and flow paths 
superimposed to form process elements; and 
5 Figure 14 is a schematic diagram of an exploded perspective view of a final 

embodiment of the invention employing a multiplicity of process elements in a parallel flow 
arrangement. 

Description of the Preferred Embodiments 

10 

Referring now to the first preferred embodiment of the invention shown in Figure 1, 
there is shown a first channel 11 and a second channel 12 formed in a silicon substrate 13. 
The upper surface of the channels is closed by a glass plate 14 which is bonded to the silicon 

15 substrate 13. As shown, the channels have curved converging inflow regions 15, extend 
parallel and adjacent to one another in a contact region 16 which has a length of about 500 
microns, and have curved diverging outflow regions 17. In the contact region 16, the dividing 
wall between the channels is removed so that the cross section is, as shown in Figure lb, a 
simple rectangle with a width of 200 microns and a height of 100 microns, whereas the cross 

20 sections of the channels in the converging and diverging regions are square, having a width of 
100 microns and a height of 100 microns. 

In use, a first liquid flowing under conditions of laminar flow through the first channel 
1 1 is brought into contact with an immiscible fluid flowing under conditions of laminar flow in 
second channel 12. A stable open interface is formed between the two liquids in the contact 

25 region 16 provides a means by which a diffusive process takes place, for example mass 
transfer (solvent extraction) of solute from one liquid to the other.The conditions are such that 
at least 1% of the solute present in the one liquid diffuses across the interface to the other 
liquid. The liquids subsequently flow away from the interface region , without mixing, in 
outflow regions 17. 

30 Referring now to Figure 2, the second embodiment is similar to Figure 1 and similar 

are modified to approximate semicircular recesses with a width of 100 micrometres and a 
depth of 50 micrometres. Contact region 16 is modified in that it has the cross section 
indicated in Figure 2b with a central ridge 18, the cross section being curved with two minima 
35 19 at a depth of 50 microns below the surface of the substrate and 50 microns in from the 
walls of the contact region, and a central maximum at ridge 18, 25 microns above the minima. 
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Referring now to Figure 3, the third embodiment is similar to the first and second 
embodiments in many respects and similar pans are denoted by similar reference numerals. A 
major difference is that a first channel 31 is formed in a lower silicon substrate 13 and has 
coated on its inner surface a coating 32 of a hydrophobic material. A second channel 33 is 
5 formed in an upper glass substrate 34 and its surface is naturally hydrophilic. As can be seen 
in Figure 3b, in the contact region 16, the first and second channels are superimposed one 
above the other so that the interface region extends horizontally therebetween. Each channel 
is shown as a simple rectangle 50 micrometres square, but may in another example be 
hemispherical. 

10 The conditions existing at the interface region of Figure 3 are shown more precisely in 

Figure 4 which represents a cross-section through the interface 40 of two liquids 42, 44 
flowing perpendicular to the plane of the paper and confined by parallel walls 46, 48 separated 
by a distance d sufficiently short that the influence of gravity may be neglected, as stated 
above, where the wall material or surface 47, 49 is different either side of the desired interface 

15 position. In Figure 4, the two liquids have pressures Pi and P2 respectively, and the interface 
40 has a radius of curvature r. The difference in pressure AP= (P1-P2) is inversely 
proportional to the radius of curvature and for an interface between the two liquids which is 
elongated in the direction of flow can be represented as:- 

AP = 7/r, where 7 is the interfacial tension for the two fluids. 

20 In addition it may be shown (as stated above the influence of gravity may be neglected) 

that the condition for a static interface between the two fluids confined between walls at 
separation d, and where the equilibrium contact angle between the fluid interface and the wall 
material is 6, is as follows: - 
AP = 7d/(2 cos 9) 

25 Thus a single value only of pressure differential A P exists for which the interface will 

be immobile if the wall separation d and contact angle 0 are fixed at single values. Under such 
conditions it becomes very difficult to fix the interface position at any desired location. In 
practice hysteresis in the value of the contact angle for real systems can tend to cause the 
interface to become fixed in position, though not generally where most desired. 

30 In Figure 4, the equilibrium contact angles for the two fluids with surfaces 47 and 49 

..^^^aiLe^rep^ 

shown in Figure 4), an interface will move unless the pressure differential is APa - 7d/(2 cos 6 
A). Similar between surface of material 49 an interface will be mobile for all pressure 
differentials except APb = 7^/(2 cos 0b). However at the junction between materials 47 and 
35 49, there will be a change in contact angle, so that an interval of contact angle and pressure 
differentials will exist for which the interface to solid surface contact position will not change. 
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Referring now to Figure 8 a further embodiment of the invention is shown. The 
embodiment comprises a metal block 100 having a tubular bore 101 therein in which is 
inserted a mating tubular glass rod 102. The bore 101 has an axially extending recess 103 in 
its periphery which forms a first fluid flow path. The rod 102 has a similarly shaped recess 
5 104 in its periphery which forms a second fluid flow path. As shown in Figure 8b when the 
rod is inserted in the bore, the two fluid flow paths define a common interface region 105. As 
shown the two flow paths are offset from one another so that the interface region extends only 
over one half the width of the fluid flow paths. This method of forming an interface region 
105 which is narrower than that of either of the channels is a simple method of forming the 

10 interface region since it depends merely on a geometric displacement of the fluid flow paths, 
rather than engineering a constriction at the interface region. 

Various modifications are possible to the embodiment shown in Figure 8. For example 
the recesses 103, 104 can be formed as screw threads extending around the surfaces of the rod 
and bore. Alternatively, a multiplicity of axially extending recesses can be formed in both the 

15 rod and the bore, and the rod and bore may be of cross- sections other than the circular form 
shown in Figure 8. 

Referring now to the embodiment shown in Figure 9a and 9b, a first fluid flow path 
111 is formed in a silicon substrate 112 and has on its inner surface a coating 113 of a 
hydrophobic substance. An upper glass substrate 1 14 has second and third fluid flow channels 

20 115, 116 formed therein as semicircular recesses. As shown in Figure 9a, flow path 111 is a 
straight line whereas second and third flow paths 1 15, 1 16 have converging inflow regions 117 
and diverging outflow regions 118. In a central contactor region 1 19 all three flow paths are 
parallel to one another and as shown in Figure 9b, second and third flow paths 115, 116 
partially overlap first flow path 1 13 and define first and second interface regions 120 and 121. 

25 Second and third paths 115, 1 16 are separated by a land area 122 which has on its surface a 
hydrophobic coating 123. 

Thus it will be appreciated that this embodiment provides a method of bringing 
immiscible fluids into contact with one another for diffusive transport between the three fluids 
in the two interface regions 1 20, 1 2 1 . The offset arrangement of the flow paths 115,116 from 

30 flow path 111 in the central contactor region provides a simple method of geometrically 
J]l*L^!^ regions 120, 12L _____ 



A specific example of a method and apparatus in accordance with the invention will 
now be given: 

35 
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Sto,SoL A !! ° rg! "!i C J"" 3 " conraini "« F'OH) in a mixture of 5% (by weigh,) 
pressure a, ,he ilt Tto flow a'e or T C< "" roU,:d usin * 

ra,io of ->■ 1 An-,lvS Tr% TB P«ylene/Fe(III) phase was shaken with 3M HCL in the 
about229£. efficiency of ihe process in the contactor was therefore 



25 nans T '° ^ ^ ' ^ cmbodta -' ° f *• -enoon is shown, wherein 

25 pans stmtiar ,o those of Figure 1 are denoted by the same reference numeral. Channel 11 12 

dZrr ; npi " pom ,3a!31 and ompu - pons u2 ' 133 - *«— «* p°" « 

deposed three electrodes a. b. c coupied by leads 134 ,o terminal pads 136. The decodes 

electrodes a b be.ng formed by the deposition of platinum and elecnode e being formed by fhe 
30 deposmon of tridium. in ,h is geometry the conductivity of me so.utio„ is deLined by 1 
pm of plaunum electrodes a.b whereas the indium electrodes c are used ,„ determine me 
localpH by measuhng potemiai reiarive ,„ a reference electrode (no. shown). The platinum 

another; n used ,o measure thc p ° Kmu>i ° f * e SOlUd °" < idKr «*— - *« « 

25 ZTh ' C ° n " ,C, ° r ° r rCla ' iVC '° 3 refcrence electrode <not sh °«"»- The same 

35 electrodes can be used to make amperometric measurement in which the charae mquimd to 
oxtdise or reduce particular species is determined. ' 

The structures according to the invention -may include electrically conducting 
-reconducting, or ionically conducting elecrrode smtctures or connections which comae, me 
-v flutd flows. These may be for .sensing or mentoring purposes, or for affecting or adjustin* 
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parameters which control the function of the contactors e.g. redox conditions affecting 
partition coefficients. A variety of processes involving electrodes and/or conducting 
connections are indicated below. 

Electrodes or conducting connections may be formed and defined as wires, films or 
5 channels on or through nonconducting materials which may form the channel walls or 
substrates in which the flow paths are formed, or may be part of the substrate materials in 
which the flow paths are formed, or be largely continuous coatings on such substrate 
materials. Electrodes or conducting connections may be formed and make contact with the 
flow paths remotely from the openings in which inter-fluid contact is established, including 

10 connections to the fluids via such entry pons of manifolds as are used to introduce or remove 
the fluids from the contactors, and within channels between such ports and the interface 
regions. Similarly electrodes or conducting connections may also be formed or positioned in 
the regions of the flow paths adjacent to, or contacting the inter-fluid interface. 

Electrodes or groups of electrodes or conducting connections to the flow paths may be 

15 used for sensing the presence of flows and flow rates by various means including conductivity 
of solutions between electrodes, streaming potentials, and monitoring and/or generating pulses 
of species within the flows, such as oxidised or reduced ions, bubbles, or particulates including 
biological cells. 

Electrodes or groups of electrodes or conducting connections to the flow paths may be 

20 used for sensing and monitoring the presence of various species within the flows by measuring 
solution conductivity, redox potentials, pH and other concentration related potentials, or by 
carrying out amperometric measurements with or without potential sweeps or steps. The 
numbers and dimensions of inhomogeneiries, including particulates, within the flows may be 
obtained from measurements of changes in conduction between electrodes with time. 

25 Electrodes or groups of electrodes or conducting connections to the flow paths may be 

used for affecting the flow rates down the fine flow channels by electro-osmotic and related 
electro-kinetic effects. Fluxes or pulses of ions to or from the interface regions may be 
produced or modified by electrophoresis employing such electrodes or connections. 

Electrodes contacting fluids in the flow paths may be used to change the redox 

30 conditions within flows by electro-reduction or electro-oxidation of species, e.g. converting 

-=-==^between-Ee2±^ 

between immiscible fluids. Electrodes and conducting connections may be used to allow 
electrical fields to be applied up to and across an interface region, thereby aid or impede 
transport to and from the interface, and transport across the interface of selected entities, 
35 especially ionic species. 
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a multiplicity of interface regions 156 along its length. Second flow paths 158 extend 
horizontally, with each second flow path having a multiplicity of interface regions 156 along 
its length. The result is a very compact system for treating relatively large amounts of fluid. 

Figures 1 le and 1 If show another three dimensional gridlike structure. Figure lie is a 
5 schematic perspective view of two spaced parallel plates 160, 162, each having an amy 164, 
166 of apertures formed therein, the apertures in the opposed plates being aligned with each 
other. Figure 1 If is a fragmentary sectional view through the plates, showing the plates having 
contoured surfaces. In use, a first immiscible fluid flows in layers 172, 174 above and below 
plates 160, 162, and a second immiscible liquid flows in a layer 176 between the plates 160, 

10 162. By reason of registering apertures 164, 166, the first liquid, under appropriate conditions, 
flows continuously from first layer 172 through the registering apertures to layer 174, forming 
a bubble-like formation 178 which is stable. The outer surface of bubble 178 forms a tubular- 
like interface 180 with the second liquid, to enable a process of diffusive transport between the 
two liquids. As regards dimensions, the diameter of apertures 164, 166 is 1000 micrometres or 

15 less, and the spacing between plates 160, 162 is a dimension determined by the nature of the 
liquids, the main objects being to preserve stability of the bubbles 178, while permitting a 
significant amount of diffusive transfer across interfaces 180. The tubular interface 180 may be 
regarded as effectively made up of a large number of elemental interfacial areas, and none of 
the first fluid path in the interface region is further than 500 micrometres from an interfacial 

20 area. 



While Figure 1 1 discloses arrangements for providing a compact system with a very 
large number of interface regions to permit processing of large quantities of liquid, it may be 
25 desired to adapt the embodiments such as described with reference to Figure 1 so that they can 
be employed in an array in which each interface region forms a single process element in the 
array. The are two basic configurations for such an array: 

1. Parallel Systems. The main application for this geometry is in situations where a 
significant output of material is required. Since the yield of a single process element is likely 

30 to be only of the order of milligrammes or only microgrammes per hour a number of devices in 
^^^pai^ 

as increasing the chemical yield of the system parallel systems also open up the possibility of 
redundancy which is desirable in a number of situations. 

2. Series Systems. There are two main applications here: 

35 i) As a method of stabilising the system .The contact length between the two fluids in 

a process element will be determined by the flow properties of the fluids, the transport 
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pn.pen.es of the various species and ,he lane,ie s of the mass transfer rcaction fa _ 
— s „ na,v be , m possib,e ,o achieve the required length in a single proce* eL^T* 
wn, be necessary ,o brealt .he interface into a number of secdon, In \oL amadouT^ Z 
bes be achieved b y connecung a number of eonucors in series. FunhermT ^ 
5 appl.cat.ons stgniflcan. qu and,ies of a chemictU species wiU be mansfened which Z LuH 
changes „ Unge density and viscosity of the immiscible phases which wiU. in ruroThTgf.he 
flow charactensttcs of the liquids. „ may therefore be deshable ,„ spU, Ute p^TL 
number of stages during each of which the fluid properties wifl undergo olly^Ze 
changes. T e mtcrocontactor used for each stage can dterefore be opdnLd for T^Z 
10 range of fluid properties. ""mioraimial 

ti> Sequential processing, in some situations, a number of sequential processes may be 

Tit d T pk af,cr a f,rs " " n ta - ~ » *=~pZ U 

rmgh. be destntbie to extract some of the transferor species back inn, . ^ ond IZul 

, roTexr^lTroam ' ~* " °" ^ — <^<^ 

fin., extracnon from an aqueous to organic phase which may be incomolete i, ^ k. 

des^ble ,o extract again from the aqueous phase 

repeat tins process severa, times , Q compleK Ihe ^ 
cou d be accented using a ser.es of conutcor, Oti,er simations co^d IcMe dTng^ 
senes of reagents from a series of soiutions across immiscible fluid unerfaces to for eZL 
0 change ac.duy and add indicuors in a chemical .ination process. P 

flrs, channel I 90 has a smuous conf.gura.ion and intersex a slight second channel 192 a. a 
number of „on po.n, ,941.1.42 .... 194„. Such a s.ruc.ure is formed by havfagl 
firs, channel 30 , an upper surface of one substrate, and the second channel ,9 1 fa dTLt 
surface of a substra.e, and superimposing d,e ,wo subsoa.es. The imerface 1»L * Two 
channels , .hus formed as a series of small imerface regions each of a reTuTZr "Is 
secnon equal ,o the width of the channels, which is 50 micromene, EaTin^^ 

a process e T m - Such a ™ is of - wh « * ^trs 

L k a C ° maC ' W " h " m ° re ViSCOUS fluid ™» *»« fluid is dirocttd 
d^ugh second channel ,92 whereas .he less viscous fluid, flowing fa u.eafauous ch^ 

nam Ae correct pressure differential a, each faKrface region. Thus .here wiU be" 

pressure drop along ,he leng.h of each channel, and dte pressure drop wiU be £TJ ^ 

more vscous fltnd for a given length of channel. Thus by arranging for a groZ Z^, 

fangrh between each ,„,eriace point for the ,ess viscous fluid', dre pLful duCLt^ 

matched so as to maintain stability throughout the device. 
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Referring now to the embodiment shown in Figure 13, this is an example described in 
2(ii) above of sequential processing in which one liquid phase comes into contact with several 
flows of the second phase. Channels 202,204 are formed as grooves in the respective surfaces 
5 of two silicon substrates 206,208 as shown in Figure 13a. As shown in Figure 13b, the 

substrates are placed one on top of the other so that the channels 202,204 are superimposed to 
form interface regions as at 210, each interface region forming a process element. It may thus 
be seen that each channel 202, 204 contains a row of series connected process elements in 
which the desired diffusive transfer process can be carried out, with separate streams of fluid 

10 in the other channel 204 or 202, 

The main benefit of this geometry is to ensure a large area of contact between the two 
phases. In this case it is assumed that the composition of each of the two phases is the same 
throughout all channels containing that phase. However in some situations it would be 
advantageous to change the properties of one phase to allow, for example, back extraction. 

15 For example in separation of ferric iron from ferrous iron, ferric iron could be transferred 
from aqueous to organic leaving ferrous iron in the aqueous solution, and then the ferric iron 
may be recovered by back extraction into a second aqueous phase with a change in acidity or 
oxidation state. This would be done by appropriate selection of the fluids in the separate 
channels. 

20 Referring to the embodiment shown in Figure 14, this is an example of a parallel system 

described in 1. above, and provides an effective means of connecting a large number of 
contactors or process elements 220 together in parallel. It is desirable to connect the process 
elements together in such a manner that they all experience the same pressure drop and 
therefore have the same flow conditions. Furthermore when using fluids containing particulate 

25 matter there is some risk of narrow channels becoming blocked, so it is important to design a 
system where any blockage will affect a minimum number of process elements. Process 
elements 220 are fabricated on a multiplicity of flat plates 222 which are made of metal, glass, 
ceramic, polymer or some other material compatible with the chemical process taking place. 
Each process element 220 comprises first and second fluid flow paths 224, 226 having inlets 

30 228, 230 and outlets 232, 234. In a central interface region 236, flow paths 224,226 contact 

=-^one s anmher4^^ 

liquids. The configuration is similar to that shown in Figure 1. The inlets 228, 230 and outlets 
232, 234 of the contactor are formed as openings which pass right through the plate. In use, 
the plates are stacked together ( they are shown spaced apart for clarity) with the openings 
35 aligned so that they form broad conduits 240 oriented approximately perpendicular to the 
planes containing the contactors. The planes are then held together by clamping, adhesive 
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Ending. te ion „ 0 ,„ cr ^ ^ ^ ^ ^ fl 

d,agram bows only on. process demen, pcr plate , it is erlvisaged ^ , number f *» 
process elemen.s could be fabricared o„ each pla,e eifcer by incasing .he nvnZT 
open,„ g s ■„ Ihe p,a,e or by connecting more ,ban one process ..ement roaach opening 
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CLAIMS 

1. Apparatus for carrying out a process between first and second immiscible fluids, the 
apparatus comprising first and second flow paths for permitting fluid flow of respective first 

5 and second immiscible fluids therethrough, portions of the flow paths being disposed close to 
or adjacent one another and communicating with one another in a region which is such as to 
permit the fluids to form a stable open interface therein, and wherein at least the first flow path 
in the interface region has a width normal to the interface within the range 10 to 500 
micrometres. 

10 

2. Apparatus according to claim 1 wherein the second fluid flow path has a width normal 
to the interface within the range 10 to 500 micrometres. 

3. Apparatus for carrying out a process of transfer of an entity from a first fluid to a 
15 second fluid immiscible with the first, the apparatus comprising first and second flow paths for 

permitting fluid How of respective first and second immiscible fluids therethrough, portions of 
the channels being disposed adjacent or close to one another and communicating with one 
another in a region which is such us to permit the fluids to form a stable open interface therein, 
wherein the width (/) of at least the first flow path adjacent said interface region and normal to 
20 the interface is determined by the inequality : 
1 2 <Djjc' 1 

where D is the diffusion coefficient of the transferring entity within the first fluid, t is a time 
period between 0.1 and 100 seconds for fluid portions occupying a position in the interface 
region, and x is a numerical constant having a value of 0.005 or more. 

25 

4. Apparatus according to claim 3 wherein the width (/) of the second flow path adjacent 
said interface region and normal to the interface is determined by the inequality: 

l 2 <D.t.x- ] 

where D is the diffusion coefficient of the transferring entity within the second fluid, / is a time 
30 period between 0. 1 and 100 seconds for fluid portions occupying a position in the interface 

""""^ 

5.. Apparatus according to claim 3 or 4 wherein x has the value of 0.01 or more. 
35 6. Apparatus according to claim 3 or 4wherein x has the value of 0.1 or more. 
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value ^"ZZIZ r daimS 3 '° 6 Where '" "* «— ~»- » a 
. Lcen^n'r/^Xr'^ 7 - — "» - ~ coefficient D ^ , value 
9- Apparatus according ,o any precemng chta whe^n tho h*.,,,, 

region 



in a 



10 2 30 C ' a ' m * - »f ta*. region „ ^ 

■5 of the adjacent now pa.hs *" °" C ,W "" fe,h ° f -« »«gh, dimension 

12. Apparatus according ,o any preceding claim wherein th, rf 

second now paths are ofdifferen, material, with diffLT * ** Md 

14. Apparatus according ,o any preceding claim wherein the fi * 
are etched or otherwise formed as hooves in thT « '"*** ^ paths 

member is secured to the surface ofThe H 3 COmm0n SUbStrate « - a *■* 

30 second flow paths. SUDSQ " ale IO define with 

grooves the first and 

15. Apparatus according to any of cl iimc i n • , 

35 16. Apparatus according to claim 15 wherein the fir* flow path is to™ H 

— - *. -ace o f the firs, suhstrate memher, and the JS ^ " ^ 
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groove or recess in the surface of the second substrate member, said surfaces being placed 
against one another and said flow paths being at least partially superimposed to define the 
interface region. 

5 17. Apparatus according to claim 16 wherein the said grooves or recesses forming the first 
and second flow paths are partially offset from one another to define an interface region of 
smaller dimensions than those of the grooves or recesses. 

18. Apparatus according to claim 15, wherein the first and second substrate members are 
10 disposed parallel to one another and spaced by a predetermined distance, and include 
respective first and second arrays of apertures, the apertures of the arrays registering with one 
another whereby to define first fluid flow paths extending between registering apertures and a 
second fluid flow path extending between and parallel to the substrate members. 

15 19. Apparatus according to any preceding claim, wherein the second fluid flow path is 
formed such that there exists in the interface region more than one interfacial area between the 
first and second fluids, and wherein the width of the the first fluid flow path in the interface 
region is such that none of the first fluid flow path lies further than (i) between 10 and 500 
micrometres from the closest interfacial area , or (ii) a distance (/) determined by the inequality 

20 fi<D.t.x~ J ,from the closest interfacial area, where the symbols have the meaning ascribed as 
aforesaid. 

20. Apparatus according to any preceding claim wherein a third flow path is provided for 
carrying a third fluid, and one or more further interface regions are provided for providing 

25 selected interfaces between the first and/or second and/or third fluids. 

21. Apparatus according to claim 20 , wherein the third fluid flow path is subject to the 
same limitations as to dimensions as the first and/or second fluid flow paths. 

30 22. Apparatus according to any preceding claim including electrode means mounted in or 
"adjacent the flow patTTTnToF~sensin^, monitoring andTor applying electric, magnetic*, or 
electromagnetic fields to one or more fluids. 

23. A system for processing quantities of first and second immiscible fluids, including a 
35 multiplicity of process elements, each process element comprising apparatus as set forth in any 
preceding claim. 
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™,ica„r, s „i,„ fluid pons which extend through die^tatk^^ 

second ,, or fl„id flo. pMhs bcin£ disposed in . ^ZZlZ^ZT * 
re t io„s a,o„ 8 ,he ,e„ s ,h of ,h= firs, fi ui d now pa!h. °" ' "** ° f fa "*- 

™.hodi:;:^.. or t:,rmne in " - b — *- - — « «. - 

one another; S wnicn the fluids can contact 

second 1:°::: tazn^ in r ibie fluids ,hroush ~< - »» - 

*e .won" 5 SiS " ifara ,romfa ° f ^ ~ T* « - henveen 

wid.oJl,:::: 8 ,,:;^ awav fram ,he imcrte «*- * -* — 
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1 ) providing first and second flow paths communicating with one another in a region in 
which the fluids can contact one another; 

2) flowing the first and second fluids through respective said first and second flow 
paths such that, at least in said region, the flow of both fluids is essentially laminar and a stable 

5 open interface is formed between the fluids 

3) wherein at least 1% is transferred of the total amount of a diffusive entity that may 
be transferred from the first fluid across the interface region, the following inequality holding: 

l 2 <D.t.x' ] 

where D is the diffusion coefficient of the diffusive entity in the first fluid, t is a time 
10 period between 0. 1 and 100 seconds in which a portion of the first fluid occupies a position in 
the interface region, / is the width of the first flow path adjacent said interface region and 
normal to the interface, and x is a numerical constant having a value of 0.005 or more; and 

4) flowing the fluids away trom the interface region in their respective flow paths 
without mixing of the fluids. 

15 

31. A method as claimed in claim 30 wherein for the second fluid and second fluid flow 
path, the following inequality holds: 

/2<Dj.x 

where D is the diffusion coefficient of the diffusive entity in the second fluid, and / is the width 
20 of the second flow path adjacent said interface region and normal to the interface, 

32. A method as claimed in claim 30 or 3 1 wherein the value of x is 0.01 or more, 

33. A method as claimed in claim 30 or 3 1 wherein the value x is 0.1 or more. 

25 

34. A method according to any of claims 30 to 33 wherein the diffusion coefficient D has a 
value between lO* 1 3 and 10"9m2 s -I a 

35. A method according to claim 34 wherein the diffusion coefficient D has a value 
30 between 10" ! 1 and 10* 10 mV. 



36. A method according to any of claims 30 to 35 wherein the width of the first and/or 
second flow paths in the region of the interface and normal to the interface is between 10 and 
500 micrometres. 

35 
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no„ pa, h , a „ d wherein , he t;;: ; i ; ™ cal r > fomKd with *• «*■ 

to no pan of ,he fi rSI fl uid paIh Ts ^ ' " ? " * "*» " "* 

38. A method according to anv of claim* ->o 0-7 • , J . 

39. A method as claimed in anv of claims ->9 to «,h. • u « 

p- ™, „„,, and liq , d ;. lhe .^i^rj^r- - 

41 - A method as claimed in anv of rhimc oo ♦ 

43. A method as claimed in anv of d iims ?t) , n a-> u ■ 

* or .nonhored ,v eiecn^ mC!ms in „ ^Z^Z^T ~ * — " — 

44. A method as claimed in anv of clairm V) tn a* ■ . ^ 

d— g „e„, fie lds ,0 one or more n^T 8 aPP ' ying « 

30 « A method according ,o any of chums 29 ,o 44 wherein ,he h.- k , 
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47. A method according to any of claims 29 to 46, wherein the interface has a height in a 
direction normal io fluid flow equal to or not less than one twentieth of the height dimension 
of the adjacent flow paths. 

48. A method according to any of claims 29 to 47, wherein the surfaces of the first and 
second flow paths are of different materials with different wetting properties in order to fix the 
interface within the opening for a range of pressure differentials between the first and second 
liquids across the interlace. 

49. A method according to any of claims 29 to 48, wherein the flow path surfaces in the 
region of the opening are contoured adjacent to a desired position of the interface to fix the 
interface at that position for a range of pressure differentials across the interface between the 
two fluids. 

50. A method according to any of claims 29 to 49 , wherein the first and second flow paths 
are etched or otherwise formed as grooves in the surface of a common substrate, and a plate 
member is secured to the surface of the substrate to define with the grooves the first and 
second flow paths. 

51. A method according to any of claims 29 to 49 including first and second substrate 
members having opposed surfaces where the first and second flow paths are formed. 

52. A method according to claim 51, wherein the first flow path is formed as a groove or 
recess in the surface of the first substrate member, and the second flow path is formed as a 
groove or recess in the surface of the second substrate member, said surfaces being placed 
against one another and said flow paths being at least partially superimposed to define the 
interface region. 

53. A method according to claim 52. wherein the said grooves or recesses forming the first 
and second flow paths are partially offset from one another to define an interface region of 

smallerTiim^ni?ioW 



54. A method according to any of claims 29 to 53, wherein said region forms a single 
process element, and providing a multiplicity of such process elements which enable 
simultaneous processing of the fluids within each process element. 
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55. a method according to claim 54, including manifold means to deliver fluid to and 
from the inlets and outlets of each process element. 



56. 



A method as churned ,n claim 55, in which said process elements are fabricated on a 
----- ol stacked substrates, the first and second flow paths of each p^ss lZl 
commumcanng with fluid pons which extend through the stack ' 



57. A method according to claim 54, including a first set of first fluid flow paths and a 
second set ot second fluid flow paths, wherein the flow paths of the sets intercoZ 
that for a first fluid flow path, there is disposed along I length^ s oTl *° 
regions with second fluid flow paths, and vice versa * 



p.im.s Dcir, t disposed in a contacung face of the second subsoate. 

59. A mc.hod according ,o daim 54. wherein a second fluid flow pad, ha, a 
smuous or convolved confi.aara.ion so as ,o define wid, a firs, fluid flow JT, \Z f 
■nrerface regions along ,„e iengd, of ,he firs, fluid flow pad, "** * " 
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